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(57) Abstract: An improved digital-data receiver synchronization apparatus and method is provided wherein memory devices in 
the receiver such as phase-lock loops are provided with composite phase- frequency detectors, mutually cross-connected comparison 
feedback means, or both, to provide robust reception of digital data signals. The apparatus and method are preferably utilized with 
synchronous architecture wherein a single master clock is used to provide frequency signals to the memory devices, and also can be 
used with asynchronous architecture. The apparatus and method provide fast lock-up times in moderately to severely noisy conditions 
and have improved tolerances to clock asymmetries. 
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IMPROVED DIGITAL-DATA RE'CEIVER 
SYNCHRONIZATION METHOD AND APPARATUS 

STATEMENT AS TO RIGHTS TO 
INVENTIONS MADE UNDER FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

This invention was made with United States Government support awarded by 
the United States Depaitment of Energy under contract to UT-Battelle, LLC. The 
United States has certain rights to this invention. 

FIELD OF THE INVENTION 

The cun-ent invention relates generally to digital-data receivers, and particularly 
to an improved digital-data receiver using multiple cross-coupled synclironization 
loops. 

BACKGROUND OF THE im^ENTION 
1. Field of the Invention 

Most digital ti-ansmitter devices utilize separate frequency-reference sources . 
(e.g., crystal oscillators, SAW resonators, etc.) to determine Hie various parameters of, 
transmission such as RF carrier frequency, data-transmission bit (baud) rate, data-burstr 
timing, aad interface data rates (e.g., serial -data input speeds). Even in frequency- 
synthesized units, one or more crystals are invariably used to set not only the carrier 
center frequencies, but also channel step sizes and the like. In digital systems 
incorporating data- acquisition functions, the required A/D converters are often run at 
independently selected rates dictated by the specific application. Additionally, in the 
typical modem system implementations employing embedded microprocessors or 
microcontrollers, there is also a separate clock used to drive the processor which is 
based on the chip's instruction-cycle times. 

As a result, there are usually a multiplicity of relatively mirelated clocks 
running in the unit which can generate varying levels of mutual interferences due to the 
"beat" or difference in frequencies between tlie sources. Tins problem can be 
particularly troublesome when clock signals cross-couple via capacitive or radiating 
means into sensitive low-level analog signal inputs, syntliesizer loop-control lines 
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(causing spuriaus. RF emissions), or modulationrsignal wiring (causing modulation 
noise, instabilities, or nonlinearities). _ . . . : ■ ' • 

Interestingly,, the ^solution to the aforementioned problem- Gtoultiple um-elated 
clocks and , the resultant , variable noise^^^^^^^^^^ "beat" interactions - fjLilly synchronous; 
systern clocking ---can also produce a ixiajqr performance benefit, in the implementation 
of, digital data receivers for Ipwer-qmlity ^cba^ virtually all data streairis are 

organized -with integi-ally rel^ted -njirqbers ;0f dato woi:d.s, fi:ames,,and burst lengths, 
the.fixed, . well defined relatipnsliips between these rates, pr.fr^^ can. bp exploited 

to provide additional mechanisnis, to. achie^ naqre robust syncluonizatioii to. 

these -components, both in acquisition and. tracjd^^^ , . . 

. 2, Description of Relatedi Art , 3 . ^ . , 

. , - . There are. a large .number , of patents, textbooks,- and artiples in the l^iter^ture 
devoted to the, general subject of phase-locked loop (PLL) teclmo.logy. Th have been 
dozens of patents issued on various aspects of the PLL, including a variety of circiiits 
for loop phase, detection,; both analog and digital in UTaplementation. The particulai- 
aspect o£PLL teclmology considered. herein is, the performance of PLLs in receiver 
syncluonization, , especially in^ the ..poisy or , distorte^i-channel , conditions (p.g., 
interference, fading, and/or multipath scenarios) ;^hich.^^^^ characteristic of 

real RF links, than , the highly idealized case of , simple, ^dditiye white Gaussian noise 
(AWGN). hivariably,;RF circuits are initially analyzed for , their performance.in a pure 
AWGN. channel due. to -the ^irnpl^r (statistical) mathem^^ see,.. foiv example,, liz^to/^ 
Cominunications, Third Edition, by John G. .Proalcis, 1995, .Thp perfoiTiiance (i.e., bit 
eiTor rate .versus signal-to-npise ratio) of most demodulators in fading and multipath 
(dispersive) environments is substantially worse than in pure- AWGN channels, is much 
more difficult to analj'ze,, and in practice requires significantly more. finesse to achieve 
good link performance. Indeed, most of the mathematical simulations of. fading 
chaimels are made assuining perfect receiver synchronization .is somehow aclnev.ed; 
unfoitunately, this in. reality is imjustifiably optimistic.-. At low,;signal-to-^^ ratios 
(SNRs), synchronization quality can become a dominant factor in the overall receiver 
bit . error, rate ■ (BER) performance level.-. Thus, improved /methods of - receiver 
syncl:irpnization;for .use in poorer-gf ade ; RF. commimic^^^ channels are needed, to 
elevate r wireless . system ,rBER performance levels,* proyi^^ 
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(particidarly in rough terrain), and accommodate greater 'numbers of users.-A'. survey of 
the existing patent art will further clarify this need. ■ ' ' ' * . ; 

'•" U. S. Patent 4,091,331; ifesued Miay 23\ 1978 to Hans-Peter -Kaser^ et al,.. 
discloses- a method to cbmperisate RF carrier -phaise errors by tracking'the carrier with a 
5 fe'edbaclc loop incorpbrafing a phase-error predictor. "A means for optimizing the gain of • 
the phase-estimator ibdp circuit is pfovid'^^ by •'processing -fee 

residual phase- errors '(A(|)n; A(t)n+i )*''. - "TMs^p Stent ^'k'escnb^ adaptiVe-gain'^algorithin^ 
to^bptitnize'' the phase tracldiJg't>f a" receiver' 'dtffing' ch^gm^^ rec^eption'- conditions, ' 
where the ratio 'of earlier phase jitt'br tb ''Gau^si^^^ 

10 transmission channel chai-acteri:3ticis. If successive phas'e^^^^^ samples'' ai^ • 

uncorrelated (i.e., avg-[Dfn,Dfn+i]=0) the loop gain'i/ .o^'timum;4f tiie^feoftfela^^ result 
is >0, then the loop "gain must" be increased;' and if the 'c*6liTeM^ must 
be reduced. This' patent clearly does nof 'dfe"scnfcie multiple Unterc phase* 
detectors or PLLs; it therdfOTe'has no bearing on the ihst^t inVentibri. ' " - ' - - ' - ^- 

15 U. S. Patent 5,25i;2^7, issued Oct. 5,' 1993"to Alfred Barer, discloses a method*^ 

of dynamic chamlel data-quality- assessment" principally u tlie 
chanriel inipulse* response' "dAd 'the' total po^^visr therein tb' estiinate the Segree of^ 
dispersion in 'the fime-multiplexed^ Eur6pfe^ti'^'GSM""c The ' effective: 

dispersion time of the rbultipfe" reflected sigiials is computed^ as is the time -distribution"' 

20 of the totai^ slot signarpower'. From this e'stimaLtej parameters of adaptive equahzers^ 
and/or niaximum-likeiihood (Viterbi-tj^e) idata'- de^ "-ai'e adjusted' to provide- 
acceptable BER perfbmiance. To conserve^ Tpoweir iti battery-operated' cell-phone ' 
transceivers, the'-degi-ee ot signal probes'sing is '^d^^amically liiininiized; when* the 
ch^mel^ isgood, the extra' processing hardware i^' switched off* to 'extend battery life*. 

25 This scheme- is directed solely at time-divisibri multiplexed systems (e.g., GSM) 'and is 
not broadly applicable to ' other types of systems such as spread- spectrum.- Further, tliis. 
patent makes M 'riiehtibii of'PLL-based systems (siiiglfe of -niiiltiple} and "has'iib 
apphcability' to' syncln'omzation riiethods. Tlius tliere is no commonalify 'with the instant 
application: - • - - .r . "i *. 

30 • ■ U. S. Pateht 5l,367,53'6- issued Nov. -22, 1994 lo Ichiro TsujSiiotb, aestribes'a 

method in time-division multiple-access (TDMA)- systems of ttmsmitfing conculfent- 
sync aiid' data'biirsts^ by differenti*ally endodiiig-tfie dafa to produce a spectral null- near 
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the.RF.cameivwhen modulat^^ the mpje bandlimited sync burstds directly 

modulated onto, the carrier and thus occupies the spectral region immediately straddling 
thei^cairier frequency: Since the sync and data, sigrial spectra ^ are ipt. overlapping," t 
receiver .can . separate out •tlae. synci components via a simple bandpass fi[lter and recover 
a cleaii data-clock? :therefromi in . parallel; tlieldata signal is. corrected by a standai'd 
dedsion- feedback .'eqioali^erjto filter; out >: the. syiac compoiients.rand subsequently 
demodulated; timing . fprithese : latter; operations is . obtamed .from, the recovered sync- 
derived clock. :This' patent, : although :axaeful for 'its : (intended, applications, does. .not 
involve any type of PLL circuitry and clearly employs very conventional techniques for 
extracting data clock. from the received:sync:burst. No-use of rnultiple PLL detectors or' 
loopsis mentioned. . There; is thus no' overlap with. the instant invention. / . : 

- U. S. Patent 5,838J41/. issued jNdv. 17, 1998 to: Edgar Callaway,. Jr. et al, 
discloses .. a scheme that .ensures . that digital , data in aii^RF receiver is ftransferred to 
downstream stages:only, at times which will have rninimal impact (e.g.-/from radiated 
or conducted .noise) on the front-end and other more sensitive parts , of the circuit; The 
scheme is. general^- applicable to. miniature, units and particulaiiy relevant to single- 
chip (monolithic) devices.. The salient goal is to, minimize .Gh-chip„data transfers. (Avith 
their inherent noise) during any cxitical signal-samplmg instants, del aymg them to less 
sensitive tuTies. The system coiitroller can be-configm'ed' to: insert act optimvim delay 
into the various; subsystem conti-ol liries tof avoid logic transitions at noise-critical times 
for the various circuits. Although the techniques herein are useful for the manufacture 
of receiver hardwai'e, they only deal with noise generated internal to the receiver itself 
and do not in an}^ way address RF linlc noise and degradations affecting , the input signal 
fi-om the antenna. Thus this patent aiid the instant invention deal, with totally different 
problems and therefore ai-e not kitersecting in scope.' . ' " 

U. S. Patent 55832,045, issued Nov. 3, 1998 to; Andrew Barber, . discloses a 
method and appexatuS' to adjust data-bit (baud) timing through a. correlation assessment 
of intersymbormterference (ISI) induced by imperfections in the - data: liiilc. This patent 
is dkeoted at,improved methods of generating baud (bit) timing for applications- such as 
high' syihbol-rate- data modems for. telephone lines, where ...better precision^ in 
establisliing. bit timingris critical : to high. data, throughputs with. low.£enwsi- The 
invention improves timing resolution . ;Over- existing carrier-envelope ^dete-ction'iarid 
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simple bit-energy / correlation'- methods • by correlating successively".* adjacent " 
(immediately leading and4railing) bits t6 provide a . simple, but 'accurate 'bipolar en'or 
signal which is then used to'-^ adjust the tmiing* of the 'bit sampler ■ which drives ' the. " 
correlators. This "early-late"- : ■ scheme is similar- - in * Coiic'ept to". ' spread-spectriifn - 
5 polyiidiTiial correlators^widely lemployed dn dirdct^sequenciS . 'Sj^tem simply 
fui^etioias as the phaLse-errondetector in •^''conventional PLt^ibtup/ The -application of . 
this teclinique is neveti extended tO.">reeoverihg;fmiltiple'^elOck^fi-equeiiicieSj' nor is the -use ^ 
of intercomiectdd loops cited.-Thus^^agairi, thereis iio:-c'oiiimoli:ality with thB specifics/of 
the instant case: - ^ j--,^.-..,^- ...... --,;.'^,t,- .'-ifxi'-^ cr\. v:-:;; _.j*^lc *. v-.-j . 

10 ^ :U: Patent S,825;805, issued Oct. 20, .1995 to Ichiro Kato, describes a spreadi--. 

spectrum modulation/demodulation: teclinique similar , to . tlie orHiogonal • ifrequency- • 
division '.multiplex (OFDM): ^ scheme '"iised injEuropdaii-DV-B^' digital .television 
transmission.'! 'The inventor -claims the^ advantage Of very i*apid:synclironiz-ation-of the^; 
code . at the receiver by matching' the. frequencyrfepreadmg:- pattern, but the patent; 

15 discloses no specific PLL; citcuits or detectors to recover sync, information; indeed,-. an-*r 
advantage is cited in that existing-art sync and:data demodulators caii be.utilized on the -: 
despread' output streams. Thus^ again; there is:noi overlap with the subject of the instantL 
apphcation. v . .-.r ci'ir. -iU":::^':. ; i . . v o 

U. S. Patent 5,493,5.83, issued Feb.2D,ri996 Peter Cripps, discloses a wu^elessr 

20 transceiver' architecture employing' .a PI-L-based ;frequency-^multiplier to. generate* the 
transmit carrier. ' The'.sahent .feature .of the system 'is , a means " of rejecting 
simultaneously ^transniitted'jdata in* the same uiiit's receiver by,subtracting a portion of. 
the transmitted^ data bitstream 'fix)m the received streamiafler, demodulation to minimize 
transmitter-to receiver crosstalk. However, no use .of ..multiple and/or crosscoupled 

25 PLLs is mentioned, and no synchronization functions other tlian common, art i are^ 
included. There is once more no conflict with the instant invention. 
- -: U. S. Patent 3,633,1 15, issued Jan. 4, 1972 to Marviii Epstein, is a fimdamental i 
patent predating "the chip-type PLL which, discloses a means of following tlie average 
phase of an input clock signal for smoothuig timing, within a logic system. The PLL 

30 en-or: signal is heavily-. filtered to ignore rapid phase variations or jitter- in ithe input ■ 
signal but faithfully track. long;term trends.. This concept, while incorporated in nearly: 
all modern PLL implementations, is;cleiarly in the public domain. - •.• * : : : ^ \ 
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. - U. S... Patent 4,780,891, issued, Oct. 25, 1988 to Jean-Pierre -Guerin eX al, 
describes a method and apparatus to approximately phase-synchronize two . digital 
bitstreams ,by -using, the later as a reference and inserting: a-programmable logic- 
generated delay (^?/ithin a , ^selectablev control, window)... into the. path of the earlier- 
arriying stream. This, technique, does not employ .any PLL, hardware and tlius is not 
relevant-to the i^stant case. \;.,x- -/'r',* : ; : . : . . - - , ; • 

; :/,U. :S.. Pateiit,;34ftl,338, rissuecjrl^^^ Francis Ma^^^^ discloses a 

receiver data - synchronizer: built around .adjustable multivibrator timing: elements., A 
predetermined mu.lti7b.it ,prea^ is. .sent wi|h, each, data, burst to -facilitate ^proper 
decodingt and to proyide^discrimination against atm9spheric noise. Adjustment of the 
system is essentiaUy rnauual,_,and .no ELL or other automatic correction mechanism;,is 
included. , ^ . ; - - 

, U.,S.; Patent 5,5195444, issuqd May 21, 1996;to Yong Ko et .al, discloses a 
phase-synchronizing apparatus for digital audio signals in digital-video, applications 
which regenerates a data transmission clopk using a;.. PLL topology. The various 
selectable clock-frequency sets, (keyed to, the staiidard 48-5,44.17, and. 32-lcHz audio 
sampling rates) are generated from edges of- the -input digital-audio data pulses ^and two 
groups of ; programmable 'PLL-type rfr^ a 21.333-ldHz 

master reference clock and the other by an. 18.432;kHz source. vBy selection pf a 
multiplicity of the -ipt?™al divide ratiqs,palk tire needed bit^ frame, and sub-sampling 
rates for the 3 standard-rate .digital audio streams can be generated. . The two PLL 
systems are:merely synthesizers and are cascaded to, produce .the.desirqd frequencies^ 
but they are not, interconnected or used in an RF receiving function a.s in .the systems pf 
the instant iriyention. .... -v " ' ' : 

U.-S.. Patent. 3,341,658, issued Sep. 12, 1967 to Hisashi.Kaneko, discloses^a 
matched-filter/correlator, synchronization system for an RF receiver. ,This early 
development in ;correlation processing utilized tapped passive delay lines on .the input 
and reference-wavefomi channels; the two signal sets were multiplied. point-by-point 
and 'the_ sum; used to correlate the received Barker-sequence encoded sync word with 
the identically encoded reference. -At the. peak of the .correlation sum,; the sync timing is 
prpbabilistically optimized, even in ithe vpresence of, significant ainouritS;of Gaussian 
noise; TMs^ patent^ now obyiouslyiin the public domain, ;does; not , utihze mu^^ or 
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interconnected PLLs 6f any kind ancl tlierefore does ' not impinge* on the instant 

invention/ ^ - ' '\ • ■ : ^. . -j- j ■ 

■ U. S. Patent 45545,061, issued Oct. 1, 1985 to Ronald Hilenian^^describes meaiisv^^ 
for maintaining^ close* receiver" time- synchrdriizatioii iii ■ spread-spectmrii - aiid ^^^^ 
coiTelatioii-type 'conrrnuiiication - systems, eVen in " low'-^SNR^*- cdiiditiorisr " The? "basic ' 
sequence-correlation loop is equipped with a dithered local osHlIatof "whose phase- is 
pertui-bed periodically; -the resiilting* dither rhbdMations-' on ^We-*^^^ received^ 
signal "are coherently detected in'^a s^^atched*p^iase-lhvertef iw'at'iflae-same -dither rate.' 
TlieTesulting dither-sideband bne^^^ seiit to two antiphase: Mgh-^Q -Resonators,-' w^^^ 
are subsequently amp htxide-detected- in a diode'-bridge -iand low-pass' filtered: ' The 
resulting bip'ol^ error signal is'"then used to adjust the local -correlator* clock; which in- 
turn tracks the received sequence phase and thereby achieves synchronization "With 
what is conventionaily IcnoW as a'"tau-dither"'4b6p. Sihc'e^<)nly one PLL is utilized, - 
this pateiit does not relate td the instant 'case. - ' ' . -j . .\ . r 'i ;- • ^ * 

U. S. Patent' '5,402,450, issued- Mar. 28^ 1995* fo Gary Lenneii, discloses' a^^' 
complex ' scheme - id ^subtract buf multipath'-induced errors* -froni the * satellite-based 
positioning signals received' in a GPS -receiver: -In general, good mulfipath rejection is% 
difficult ■ to achieve except in 'spread-^spectfuin or other '-dispersl^ 
systems; even in" these formats, -multipath causes -noticeable de^adations in overall- ^ 
system perfoiiiiance; Succinctly,- this technique' is 'based -on an^ understanding of the' 
autocorrelati'dn function " (AF) of a -spread-specfrum signal.- hi an ideal case, the AP is 
triangular" when 'plotted against code-signal - delay; The presence - of - multipath 
components' m the received signal distorts and delays 'the peak 'of the"AE (best 
correlation point), which causes an error when the AF is employed in a delay-lock loop' 
(a fomi of PLD) to 'measure the precise code phase (and thus the pseudoraiige) fi-om a 
GPS satellite. Although the unplementation incorporates 'inultiple 'delay-lock loops, 
they are -operated- in parallel and employ individual detectors for each-loop; as a result,' 
this patent ddes hot overlap with' the instant invention. : *. 

' ■^•Fihally," U.''S':' Patent- 5,739,727, issued Apr. 14, 1998 to Bjom- Lofter; *et^al; 
discloses a sarnpled PLL- being locked v^dth - support -firom another (standard)" PLL.-* The 
applieati'on'Hs in- a pro^ammable-firequeriey 'syfi is desired 4o- have fast 

switchihg"and settling' tinies and simultaneously exhibit' low phase noise' in 4hfe^lo eked 
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condition. Since in .conventional PLL, circuits, .a fast response time requires .^a, large 
control-signal bandwidth, this-constraint is directly at odds with a low phase-noise level 
(requires heavy control-signal filtering . and thus low .bandwidth)T7Th?/solution in tliis ^ 
patent, is, after switching the synthesizer tora.new frequency to pre-set the main PLL's 
5 initial frequency (using -a- fast :digit ally-sampled auxiliary PLL) to .liie desired; value, 
thus, affording .rapid , switchirig. 1^0 the .desired .low phase ,noise, the main-PLL 
control voltage is severely filtered to limit its. •btodwidth;v .nGw^ that the rnain PLL 
- control voltage is preset;by>the. "helper'- .circmt:t'o,veryr^ its desired final value, 

the slow maiurloop-i-esponse will ; not/ degrade :the . system' s , py erall : switcliing/settling 
10 time specs. This concept, however, does not address receiver applications or :multiply- 
. interconnected PLLs; thus it is, completely distinct from the instant invention: - 

. . While . each- of the foregoing may have some utility: for. flie, intended" apphcations 
thereof,:hone:of them, directly^ address: or effectively solve the problems noted .initially 
above: s For- these reasons, there stilLremains'room for improvement ui the art. ■ . „ : 
15 SUMMARY OFTHEimTENTIONs .. t/. 

' ' It is an object ' of :this. .mvention to.iprovide- an improved digital-data receiver 
apparatus and method. « . . : ' ^ p i ^ 

' It is :another object of.tliis invention- to provide a digital-data receiver apparatus 
andmethod wherein frequency and phase en'ors are minimized. ^ 
20 - It is an object^of this invention:tb provide ;B\digitahdata:receiver arid method 
having a s^arehronous design such that/ all intemal reference. ;fi-equencies are.. driven 
from a common source. ' - - ■ / ^ - 

;. , v: It is another object of this invention to provide a digitalrdata receiver and 
niethod in which problems. associated with multiple :'beat" components are elimmated. 
25 It is a further object of this invention to provide a digitalrdata receiver and 

method m which all clock frequencies are integrally or fractionally related, j ... 
' ^ It is an .even fMier object of this, invention to provide a digital-data receiver 
and method in^ which the variable beat-rate pattern noise modulations withinvthe system 
no longer occur. " - ■ ' ■ ' - ■ : . - 

30 It is an even , further object of this invention to provide a digitalrdata receiver 

and: method which exploits .timing .redundmcies inlierentim a; -typ^^^ stream to 

concurrently ibut; independently provide .robust . synchronization- lo all.; key frequencies 
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embedded in the sfream (i.e., bit/word, frame, burst rates) as well as related'modulation 
-(e.g.;- -spread-spectram 'cMpping' rates) and transmission (RF earner frequency) 
parameters, even in poor eommiinicatidn chamiels. - ••-r-^ -. v ., 

' • It is 'ail even.fiirflier object 'of fMs^ invention ^0' -provide 'at rdigital-datawceiv ~ 
and method* wliich^ results in 'a -'lowef susttoteid -^bit-ei^^ tatet : in > adverse; receiving 
conditions' by -maintaMdg synchronization . duimg^^ intervals: of i degraded ^.^ignal. quality 
Wllen c<>tiveritional s>^tenntsw '-^ oj l^i^'^ixJ 'a-v:': '':^' -r .,.r^ i * :-:!:: ,:. 

' 4t''is-to^ven''fui1her-bbj€fet'af;tliis-'ih^^ receiver 
.-alld'metil'od'Whicli results in a-^siffipler^■low^gl5pbwer l&grc desi:gnpio^^rer;gate:counts and, 
thusV'sifialiei^'chip 'aretes and lowe^ ^ . : :vk>j 

It is^an ^ven furflier x^bjectiof -this invfentibn ta' provide a :.digital-data receiver . 
and method fol"' providing sultplification cJf'thb -related spread^specti-um receiver system 
hardware ■'a!ad:^imprdvement'ih^--^i tinies, more reliable data-burst, 

acquisition; and the- facilitation? of riiore- robust receiver synchronization' methodologies., 
at the RF-carrier, cliip, data^-bit-'^fi^me,' and burst' lefvels.l -. < ! - ' 

'It-is afurtlierobjectrdf thisanveirtion to provide a receiver 'in winch the phase 
lock loop circuitry comprising synchronization loops for received:^ data ..signals ,are:: 
mutually * cross-coupled -Sui^h that.^each Idopnis'. capable of providing. to- and receiving 
from each other loop a comparison or corrective signal' withTespect to frequency and/or. 
phase, the comparison' sigrmli beu^g used by tliea-ebeiying loop to 'minimize or eliminate 
loss-of-signal .or * degradation of ' signal ilevents ^such^ as - those caused . by* noise, 
interference, signal fade, and the lilce. • . . : : 

. Thesevand! other -objects /of the invention .are achieved;by an unproved digital- 
data. jreceiver'rsynchronization.apparattis having a pluraUty of memoi-y devices for 
receiving 'multiples timings signals; and a -feedback means interconnecting the memory 
devices and cross-coupling signals produced .by the memory 'devices; wherein the 
■ receiver provides, fast lock-up times and superior loss-of-lock protectionrin moderately 
to . severely :iioisy conditions and has. ; generally improved tolerances -to .clock 
asymmetries and channel-induced timing j itter . . .> . : . . c t 

. ■ Ainother : object of othe -ciiirent -mvention is .a method of pra^ading improved 
digital^data-. receiver /synchronization comprising .the steps ' of- , providing a. pluraUty .jaf 
memory .devices: for .receiving multiple. timing signals, each of fheiplurality.of memoiy 
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devices, comprisiiig a Qomposite phase-frequeney detector;- and, intercoimecting- the, 
memory devices with a feedback means for cross-cguptog certain signals produceid by- 
the^jnemory devices; -wherein the receiver prpduc^s fast lock-up ^es in moderately to 
severely .noisy .conditions:- and avoids loss..Ql lock. in; all but the.mo^t severe, fading/ 
interference;, and/of ;multipath:conditaions, . . ., .: , ■. . • ■ . ■ ; . -.i 

.. . : -..These and .other objects of the , invention are also ;9.chieved by .providing- the 
described -.apparatus and methods.- wherein a iconmipn .©r .ma3ter.;fi:e;quency-.reference.. 
source.is,vised:to.pro\fide,tiix)i3jg signaisife 6!^Qh pf tii§!.wemory,-4pyi9es. : . ■ 

■ _ : (...,^rB,rief D.es.crtptiop^pf ]tbe Draw ■ 

'.r - . JFigure 1 provides block, diagrams .of -three aljernate fomis of prior-ait digita|-.;. 
data receiver clock synchronization. . ; 

,.. ■: :Eigure 2 is:a:block:.diagi-ain.of thebasic.fluictiQiiing of the receiving system of 

the current invention..! : : j.; . . . , ' ■" ' •: '■ 

.Figure .3 is a schematic diagram of the . interconnecting feedback . logic, 
employed.by the multiple phase-locked 'loops (PLLs) of tlae,cun-ent invention. • 

■ .; . Figure- ■4A & 4B is a schematic representatipn ;of Jhe functioning of the 
exclusiverOR:(XOR) detector.and phase-frequency, detector comppnents pf the current 
invention. '' • r ' '■ ■ ; ■ .-..i- , 

-Figure 5. is a schematic diagi-an^ irepres;enting .the'pieferred .embodiment of the 
compositephase-frequency detectors of the current invention, [.-■ • . .-' 

Figure 6 is a schematic representation of -ttie .fiinctiQning pf Hhe input-signal, 
noise suppression component of the. cwrrent invention. ■■ : : -: 

-■ ; Figure .7 is ,a block diagram of a simpHfied embodiment of the current invention 
utilizing only -a single y CO driven by a combination of three of the, composite phase- 
frequency detectors. : .. " ' - - 

Detailed Description of the Invention 
The frmdamental intent of the invention is, as .desciribed .above, to exploit the 
timing structure-in.a typical, digital data transmission by concurrently and corpprately 
synchionizing. -(iocldng) to each of the salient ;timing components in the data streaih. 
When one. or more of these components is corrupted by noise, multipatli, interference, 
or other channel degradations, the set of PLLs "fills in" the missing synchrpnizatipn 
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iiifdrmatioh by- regenerating "the ^necessary- signal(s)' 'from' a Gombination of the, 
remaining (uhcoiTupted) components. ^ - ' . \ 

While appHcable- to highly Gomplfex- transmitter-lreceiv^r systems/. the -'basic' 
principles of the ciin-ent-invfention'may tieigenel-ally explained 'by ^referaice. td a simple 
5 system. For the sake of simplicity, a transmitter^is asgmnfed to *eifait three; types of 

related -signals, each" at' a distinct frequericyr^^These* tihree sig?ial-fi^ components 
are* the carrier, the " data bit - rate, and the- data:jB:ani'e -rate^:''-A::more complex' systerb:,? to 
wMch the current ■iriventio3l i&' equally apip also' -iticlude . additional timing - 

signals such as the spread- spectFOtn' dMiDi^iilg>bl<^bic,^tr'adsim burst rate and other 

1 0 signals'r These -and other' elements: of a- receiver- ^are ^ighorbd :fdr the :ptirposes"iof this 
brief explanation. . ' - -'X- ^r. . r . 

* - • A -receivep -for- the transmitted datam detect- arid match ("lock 

up" to) the frequencies (and, often, phases) of the carrier signal, the* data bit rate signal,.: 
and the datia frame rate "s;ignal:'T "Currently, = each^- df these^ signals, will be at i a; different 

15 frequency derived from a clock means > on ^the transmitter. - .In- conventional receivers,, 
clock" means are required '^^to^gerierate'' timing 'signals to •s^'richronize -witto each data 
signal such that tlie digital mfdrmation'm^y be^exti'acted. Conventionally,: the. variousV 
clocks for these purposes are controlled by individual phase-locked loops (PLLs).i As. 
used- herein, the term "phaserlocked loop - lor PLL-is used to' refer generally 'to include 

20 phase-locked loops, freque£lcy-lGcked^ ioopss,* delay-lock loops, signal correlators 
(including but not Uncuted to spread-spectrum ^correlation: detectors), and similar' devices 
as known by those of skill in the art. Each PLL. must generate a frequency to . match or . 
s^TiGhronize' with the received'' frequency^ such 'that the 'transmitted digital :infonnation 
may be derived. The BLLs in the. receiver: must first synchronize with, or lock-up to, 

25 the received signal, and then must maintain the tuning pulses such that the data may.be 
read as it is received. » ^ • r ' • 

• hi low signal-to-noise -enviromnents, the initial loclcup time, for a PLL may be 
relatively long.* M'breover, due to noise, interference, signal fading, .and. other sources; 
of interference including those- mentioned above, the lock may be lost and.muat be re- 

30 acquired. .'During periods of interference or noise, , data is either not xeceived:COiTectly 
or is simply lost. -. "lO \ . . r : • 
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: Conventional efforts to pyercome these problems include increasing the, power 
provided to the transmitter and/or receiver to. increase the signal-to-noise ratio, or to 
add circuitry designed to condition the signals to improve acqiiisition. or lock-up times 
and;;maintenance of - liie . timing signal. . :/mot^^^ solution , basically requires . the 
transmitter to trapsnut, for arlonger period .of , time such tliat lock^up time and signal Jos^ 
do not prevent the reception ,of the transmitted data,^.Each of tee, efforts increases. 
cost of the system;, and/pr :its.-;^m^^ due, to, -the^, increased power 

requirements, mcreasedcon^^ \ ; „ = ! 

: . : . One -jfacet pP.the, Gu^ improyements for a^ digital-data, receiver 

involves the use of composite phase- jfrequency detectors (CPFDs) for each, or as part^qf 
each;. . syrichrQiii-zation,, loop or PLL. . The- CPFD provides corrections, . for phas,e, 
frequency,, or bothy suchcthat, the opera^^^^ and hence the operation of the 

receiver is ,rnore robust^; ;;;/:> r r = , . . ; * 

-. ^ : ... In; an additional .aspect of the current- invention, in rplatively simple t^m^s 
described inmqre detail below, the cxm-ent invention overcomes the problems. noted by 
providing mutual cross-coupling circuitry for each PLL or synclrronization loop. In a 
most preferred form, the cross-coupling and, the CPFDs are utihzed together to achieve 
a significantly more robust reception o,f data^&anjhas been possible to date. The.PLLs 
are iiiterconnected with analog, digital, and/or mixed type feedback signalp to cross- 
couple the respective error signals and output frequencies. The feedback provides a 
corrective or comparison^ signal from^each PLL.tOvcach other^PLL or synchrpnization 
loop. The cross-coupling .circuitry can, and typically will, comprise coiiditioning 
circuitry, such as frequency multipliers or dividers and phase adjust^nents, to condition 
the comparison signal, appropriately for the synchronization loop tp which it is sent. , , : 

The cross-coupling, by providing a comparison signal^ offers several significant 
advantages. The. lockrup time for each synchronization loop will be d^reased (lock-up 
speed increased). Also, each loop will be enabled to more robustly maiatatn the 
acquired fi-equency lock. The loop will therefore be. able to ftmction efficiently even in 
Tow signal-to.-noise pnviromnents. Moreover, random noise spUces or -interference can 
be ignored.; -With these and. other advantages, power requirements .are lessened and 
.more - complex, conditioning; circuitry .is. -imnecessary. These, advantages .will be 
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expenenced in both the transmitter and-receiver, thus reducing the cdsts/sizes, and 
complexities of transniitter/receix^er systems'.* - - - " ^ ,* 

The method and 'apparatus' of the current invention inay be -used -with-both 
asynchronous and synchiro'nous transmitter/receiver -/architectures: Gurreritly, 'most 
5 systems ai'e 'asyricliroiious," ttiat is,^ each tfabsmittad ''data' signal- Teceitfes "its tiniiiag' signal 
•fi-om'*an mdependent firequency som-ce of6 Ih this -casej the cr^ss-cbupling 

circuitry- for the comprkrisoin signals c^ comprise ■conditiohin whereby ^the 

frequency of the companson - signal fe'-'^^ 

s>Ticin-oriiz^tion^16o^ ^ent> Whfere- !he reoeiver is -designed- to -'cbiTespond 

10" 'to one,- or a plurality of identical- transmitters!, --fflis cii^Giiit-ryTOay-be tiardwu-ed; - Where 
th6- receiver 'is designed for use with- differing transmitters, "the conditioning' circui^^ 

■ may be hardware- or softwai-e-prbgraimnabre such that it can^be apprdpriately varied. • • ^ 

The invention is -most efficiently used with synclirorious arcMtebture,- "^an 
"example' of which is disclosed' - in co-penduag " application 'Serial' No. 09/653;394, 

15 assi^ed to^ the assignee *of this ' invention-. ^^-In 'a synclirbnous ti-aiismitter, "each 
component ^derives its^ timing sigiial'-from a' ^'single master clock, either":directly . or 
throifgh simple multiplier or divider ineaiis; ' Iri ' a- synchronous receiver, the ;cross- 
coupling circuitry is greatly' ^irnplified^'-bee^ause each 'Synchrbnizatioii' loop' derives dts 
timing signal from the- master clock either directly or through simple - multiplrer or 

20 ''divider means. " ' ' ' - .-v*:-^ - ■ . ( = . ^ , j ■. y 

s./r:. - The implementation of- the current iriv-erition provides -substaiitial advantages. 
Power requirements can be reduced;, as can- circuit -CGrhplexity.v Tliis provides savings 
'in "terms of both- cost aad the size of the components. Additionally,* there are significant 
improvemeilts in noise arid interference rejectiori, effective systemlbit-error rates, the 

25 robustness of loclc-lip to the incoming ' signal, dnd^the speed of acquisition in signal 
lock-up. A - more detailed' description of the invention, -with- exemplary circuit 
diagranis, is as follows; ' • ' , _ . : :■ 

- Figure 1 of 'the drawings- provides typical block - diagrams of receiver 
synchronization architectures according to the current-art techniques. Figure l'(a) 

30 shoWs a basic'scheme with a multiple unrelated clocks; 1(b) illustrates a siiigle master 

■ PLL/clock with downsti-eam dividers ' to' geriera;te the ' secondary frequencies; and :i(c) 
details three independent PLLs (one per frequency). Figure 2 of the drawings is a 
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typical block.diagi-am of the basic functioning of the receiving system 10 of the Qurrent 
invention. As shown in Figure 2, the-receivmg system 10 is designed to detect three 
distinct timing signals or frequencies of an input signal 20, sudi as tiie RP carrier f," 21,- .--- 
the data bit (baud rate) f, 22, and;, the data, frame rate f, 23. In many instances there will " 
be a need for additional timing signals to be regenerated, including but not limited to 
the spread-spectrum chipping clock, transmission, burst rate, epoch clocks, and otlier 
timing markers. For purposes pf,mustration, however,, .only the three frequencies cited 

..above wiU.l?p utilized., ■; v.-';^ : . • . ■ • 

In. conventional: receivers, .,y^ous clocks are derived from iiidividual. phase- 
locked ..loops,(PLLs) or are ^d^^^ from a ?inglp master. loop synchronized to. thp.RiF 
. carrier, with-downsu-eam frequency-diy^ logic to generate the integi-al|y related data 
..and.frame-rate,clocks..(Figur(e, 1),^. However,, there .is .little noise immunity^ afforded 
.with- this arrangernent because any nois^ in. the_ bandpass .of .the' data-modulated RF 
carrier signal, wiU produce simultaneous jitter at all the derived clock frequencies and 
downstream phase-frequency detectors (PFDs) or other types of loop-phase detectors in 
■ thelpwer-speed derived loops. :. ' , . ' - 

. .. .Jo counter this, effect, ..aad c.oncurrently times in 

.-.m.oderately;to severely, noisy or .distorted receiving .conditions, the current mvention 
provides a plm-ality of mernory, devices, for. example , PLL, - 24, PLLj 25, and PLL3 26 
- shown 4n .Figure, 2, . 7^hicli, are mutuaUy interconnected with .bidirectional analog or 
, digital feedback. signals:4, such as f«,. 27,-,f«,,28, and fft,29, to cross-couple dieir 
respective error signals and/or output. frequencies.. Each memory device (for example, 
PLL 24, PLL 25, and PLL ,26) is driven by one common source or cloclc using e^ge- 
triggered synchronous logic which generally . affords, improved tolerances to clock 
asymmetries, external EMI, propagation-delay variations, and ..supply and temperature 
changes. Additionally, the occurrences of random and _varying-pattem digital 
"gUtches" coupling into critical signal, control, and RF lines are significantly reduced. 
. : . Figure 3 is .a schematic diagram of the feedback logic employed by the PLLs 
(for example,, PLL 24, PLL 25, anci PLL 26) of Figure 2. As illustrated in Figure .3,,the 
preferred embodim_ent- of the current invention incorporates.a system of multiple cross- 
, . coupled synclironization loops 30..The looj)s 30 include .mul^iply-dividp feedback logic. 
As such, fi 21, f2 22, and fj 23 ai-e provided as precise integral (or fractional) multiples 
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or' sub-multiples of each othet " with predetermined *- phase relationships. " The 
■* relatidnsliip of the signals fj 21;' £3 22, and f3 '23, as provided in a preferred embodinient 
of the *c\±n-ent invention, is set fctthi below ' - ---^^ - -.-A' 

' - -v, .. V 'fj:^M.f^ = M:>Nf^'^> - '^^^ " : i.. v . . - .'. • 

Here, M and N are integers (in general, any positive rational nuiiibe;f sj liiiiited bnly-in 
"pr'actibal^ applidatioiis by' logic spee'ds^. 'power, 'aLnd pfiise-^rio Each 
10 ~'§igrial fr'21, f^ ^22', and f3 23' is then fed to its respective- ebiliposite 'pliase-^fe-equ^ 
■ ' detector (GPFD); for ex^ple 'CPFDi 31, CPFDj 32,*''and 'CPFD3' 33; which measui^es 
^ 'the overall phkse and firequehcy (irror in each loop and pfb^'ides a corrective 'signal to 
its associated voltage-controlled oiscillator (VGO), foi: example VCOj -34, -VCOf 35, 
^'•'Wd-'VC0^ 36/ Crossfeed 38, and CFis'' 39 provide conditiotfed 

15 ' analog control-voltage iilterconnfects between the' designated 'CPFD blocks. These 
crossfeeds are, in a preferred implementation, controlled by a pair of eomputatiohal 
blocks, labeled' 'TSfoiSe L6gic"'41 and'"Lodc-^Logib"42," which respeefi^^^ evaluate the' 
noise * level 'of the key iricobiing signal components" and aissess- ihe' stability of 'each 
'loop's 'error'Voltage. li" the input noise to'a given loop' is excessive, the Noise* Logic 
20 ' ' block isens^s' the condition, ^eitter vi^ a simpie input-signal' arriplitifde liieasuremenf, a 
" frequency-jitter assessinent (described below), a pulse-width luiiiting stafus level,' or 
*other means. The "Lbcic'Ijogic circuitry, 'fheanwKle', senses the-lock status of "each 
relatbd"PLt; via eirbr- voltage measurements (also detailed below), evaluatioris of the 
■ PFD phase-ptilse output signals, XOR-detectoi: average-voltage monitoring, firequency- 
25 ' jitter characterizations, orother means. 

' For' completeness, Figurts'''4A & 4B present -is a schematic 
representation of the functioning of the standard' (prior art) *exclusive^OR (XOR) gate 
phase detector and of the conventional phase-ffequency detector '(PFD)^u^ed witliin the 
cun*erit invention. The output of the XOR gate is low (output = 0) whenever an input A 
30 ' 'and 'input B are the same, i.e., either both -high" or both "low".*This operktion may be 
seen -ias'iil Table"! 'below', 'WKere the'' logical- e^uatibn is A ©-B=Z; Z being' the XOR 
• output.' ' * - ■ ' " - ' • 
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Tlie ' coiTespfondiiig .wavefohliS' .-.and -operatfonal details :fpr. the standard BFD-typ.e 
detector are also; pro vidadi, for reference^ for a .conunercial 74He4046.mtegrated-cirGuit 
10 fchipr- jL---?.-'.- ..* ;>y::X-.:x.- •. - . •..-.c- .: >■■ m-.-r.'- --H- -i. . 

.. Figure 5 is a schematic diagrarn representing the preferred embodiment of the 
*CPFD cireuito' 50 utiiized. in, for exampleACPFD, 31, CPFD^ 32, and GPFnj' SS as 
they:-ai-e show in. Figure '3; Tlie -CPFD circuitry 40 used in the current invention 
iricoi-pdrates^U, standaird-fonhat phase-frequency detector ■(PFD);;cu-cuit, but augmented 
15 to -provide greatly iniproved noise iiimiuiuty' and to provide, means for introducing: the 
cross-coupled signals extf-acted from the other (here, two) loop detectors. The system 
shown possesses the famihar advantages ^of tlie ; classic phase-freqbency detector over 
othei- t>pes — namely, lai-ger (±360°) traGldiag range, much improved lock, pull-in, and 
pull-out ranges, low average phase error in lock, rapid fi-equency acquisition, and 
20 freedom from harmonic-frequency loclcing.: hi "addition, though, the CPFD circuit 50 at 
lock also exhibits tlie quite low" loop^phase jitter" and noise heretofore reserved to 
analog ^dXOR-type detectors. ' ' - -. ■ - 

•A- complete PLE subsystem paiticularly suitable for the RF receiver application 
is included diagramihatidally in Figure 5:-The,PLL is so. electronic circixit for loclcing 
25 an oscillator, such as a VCO 51 in frequency and/or phase with aii arbitriary input sigrial 
which is employed to track a carrier of synchronizing signal wliich itself may vary, in 
frequeiiey and/or phase with time. Peffonriance of the PLL is dependent, on tlie 
circuit's abihty to accurately control the frequency and phase of the VCO- output. 
Reference inputs f^,- 52 and ^2 53 are provided to the CPFD at a memory device(s), 
30 p'ref6rably divide-by-two flip-flop 54 and flip-flop 55, respectively. TypiczWy; these 
mputs are differential or opposite-phased; i.e;, as from the main' (Q) and inverted "(Q') 
■outputs of a flip-flop or square^wave oscillator (usually the loop VCO itself).' Variable- 
frbqiiency input f^ 56 is inti-b'duced' into the CPFD at noMnvertirig=cohiparatch:S7v From 
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the comparator 57, the squared-up signal ; (still at fj proceeds to a further memoi-y 



device in the CPFD circuitrj^ preferably divide-by-two flip-flop 58. Upon leaving the 
flip-flop 58, the output, (now^ at i^fj is provided to another type -of -gating- device- such 
as digital multiplexer 59. Digital multiplexer 59, at the direction of the 'TSfoise" aiid 
5 "Lock" logic blocks, selects either Vif^ or one of the same-frequency digital references 
from the other cross-coupled PLLs for input into tlie XOR gate 64 along with f^2 60 
-from 'flip-flop 55.: The:flip-flQp£.54 andc55: ai^e cQxifi^guredJo. feed the: XOR gate 64 so 
ithat the -input- v^avefonns both ih-ave. a dutyroycleioffpl-^cis^lyoig^-a^^ presenteddn 
the proper 90-degi-ee phase relationship so that at lock the desired half-scale avera.ge 

10 >(DG) oulput.level [V— ]*is gener9.tedr.otn.tM-loop capfacitoj:.^^^-:86. Wken/the CPFD is 
iodced .in,. the positive .transition of "the;rejference; iiiput f^^i^On^l-'id/the multiplexer 59 
output 62 are equal in« frequency- and^hav,e a p'hase dafference-iQfi^veiy nearly = 90 ^degrees. 
UndervtheseiConditions^jSie logic: outputs o^":!^^ ^yilIbeJligh,:.^:ausing the 

*XO_R.gate'64routpBt;on:lixie ,66:.to b'e ^switched- .through SW'p§l ;to jesistor Riv82.aiid 

1 5 rthence to the output of , the GPFD :85.* Under lock, the duty cycle pf the.XOR output 66 
will beo50% and;tiie. .output; frequen^^y .wiHbe-equal to twice.tjie input frequency, Any 
change in phase will .resuft ii^i.a,l:ine.ar;_(i3Utjsm^:U): chiange in duty cycle, until tlie loop is- 
.rebalanced. • . : ^-ct^i .,:jo' v,'. - ^^ - . , : - 



20 standard (but augmente4) pha&erfrequericy detector VO.^PFD 70 provides both an output 
72 and a phase-pulse signal 74. Phase-pulse signal 74 is provided, to a pulse-width 
. limiting device, such" as a gated delay generator;- tiiis/ .could be .either a^ counter, a 
standai'd monostabl^. multiyibrator ("one-shot"), .ior aiiother implementation;- „In a 
.preferred embodiment ^cf the current invention, the standard PFD. circuit is augmented 

25 by a one-shot 76 wliich is fed from, the [phasqrpulse output 74 of the phase- fi'equency 
detector circuit 70..A.n.egative-going phase pulse is generated in the conventional PFD 
70 (e.g., as incorporated in a .type 74HC4046: CMOS PLL chip) to indicate when the 
inaiil /detector 70 pulses (both positive and negative) are generated and apphed to. the 
output pin' 72 and thence to the. loop filter capacitor .0^^0-865 which/ in tum* integrates .tlie 

30 current pulses and stores the. VGO loop error voltage. . , - - - - . 



The output 68 firom » flip-fldp . 54 said; multiplexer 59 are :also provided to a 



/•- : Alternatively, the, .logic "high" intervals - of this .signal -74 -can be viewed -as -an 
•indicaior G,f,the, "triTState^^cu^^ between pulses. ;The PFD 
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70 is an edgertiiggered device aiid is therefore -more susceptible to untimely short- noise 
.ptilses th^ the lower-performance XOR detector (64), which tends to average them 
rout. ....The;..qne-sh^^ sei-ves to limit the putp(Ut pulse widths^ apphed to:tlie :ibop - 
: capacitor, Gvcb 8$ -and thus, ronee the loop Js locked, ''blanks out'\ the detrimeiitallyil^^ 
.pulses normally produced l?y the standard PFD cireuitin response to input-signal noise 
•spikes. . ; : :';-.;;:;r:u = .-. . : , r. . ' "■:^'y:- l-. - ' 

To maintain stable; lopp/ lock. during tlie PFD output at 74 is 

combined via resistive iCuK^nt;Sunm through R2 '84 ' at. node, 85 .with .thp^^ square- wave 
putput'from XDR .detector ,64 ;tlTj^ough Ri'.82:.S\yitch SW2 .SO is provided to. disable the 
output of the CBFD circuitry when a lar noise; spike is . received which- would threaten 
the ;lccked state rof the, circuity TheJogiq driving switch SWs. 80 detects any^Joss of , loop 
-lock;.if so,-the:OUtput.of{th"e^^^^^^ the control node 85. . Switch 

80 thus operates to protect fhe local YCOi(as well as:the, pro PLL. circuits) 

.ftom being disturbed by -noise :spikes by. providing a :hplding action on the loop, control 
,voltage during noise intervals and thereby avoiding even a transient loss of- lock. The 
■ ■filtered output jfrom XOR 64. then "bridges .through" noise pulses and keeps .the loop 
tightly controlled, while the potentiall)^)unstable phase-frequency detector 70 sigiials-are 
switched out by 80 until the noise.subsid^s. The:crpss-fed analog or digital en*or and/or 
frequency signals from the. other , systesm^ CPFDs, such as provided at resistors 88; and 
90, may" be injected either by axesistiv^e :,or direct cxment-summing techiaique at die 
actual control nodes (as shown) or by replacmg the digital VCO, or-inputxomp^ator 
„ signals (using a digital multiplexer as at 59) during the.distiarbance.. These eixor signals 
. are 'fiirther . provided to the VCO,. .The:,GPFD circuitry 50 may . also include a 
progranmiable bandwidth (tune-constant) control, such as sho\yii in :yb.^-92. 

. ; . . .. In an altenxate embodiment, a voting-logic methoddlpgy, may be implemented 
via analog circuitry (e.g., with simple averaging, compaiisons, or more elegant: median 
1- computations),, via digital means (e.g.,. pulse countiiag, majority logic, .or. blanldng), or 

even via software-programs run on microcomputer or DSP systems. : . ^ 

■ . / . The prefeired embodunent of the CPBD 50 as above also provides lower levels 
. • of loop jitter in the locked state by using, the .stable XOR output to increase: the effective 
quiescent loop gain at lock over- that, attainable from thej standard PFD alone. --This 
latter problem ia caused by the normal PFD's:well knownloss of gain at lock. due. to its 
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" inability to output arbitrarily narrow pulses ^ which would ideally be - generated by the 
'PFD circuits' under near-zero 'loop 'error- conditions'/ This' Teduction 'in' effective PLL 
' loop gain theii pennits an undesirable increase in jitter at -the PFt)'=« quiescent point-'and ; 



5 ' 'when 'ihe -ifiput • sigrial-to-nbise ratio -'(SNR)^- is quite .higfe' The' current invention 
remedies this shortcoming as well, and thus lowers the ultimate receiver bit-en'or rate 
(BER)-figm-e below that a^^^ . 



' *' sigiial noise-suppressi oil "conipoheht ' 60 - of - the' Acurrfenf iriveM^on. ' 'As'^ shown, ' a' first 
10 - iiiput signal' 100 is provided to a "sigfial'-conditioning device 75;-Gomprising an-amplifier 
such as -a gain-controlled' slew^lifniting rniplifi^rl 04 r -'First iiiput signal 100 ^may 
'^"bontain a noise spike 102 as^shown. The"g"aiil-Gontrolled'sfew4fi^ 
- wliich incorporates* a peak-s^siiig automatic gkin-control (AG6) funictidn to provide a 
' constant output level; also ^bpetateis by linown^methbdsf to dertect^the: rate of change- of 
15 ■* the^sigrial 100 (in voltage or cufreritiper second) and will' Only follow, a signal whose^ 
' ^ rate' of change- is below a particulal^.lev^l. ?Tiie slew-limiterl04'is designed to mininiize 
extraneous signaV zero-crossings -arid thereby- cdntroi tlie inteivals'df-signaLtransitions'- 
at the output 110 of the dov^4istreani'^c0mparator 4O9. The slew-limitd: will' allow the 
actual 'signal' to- vary only slightly frotii fhe' predicted^ or anticipated waveform; thereby" 
20 eliminating loop upsets of ' evefi fals^ synclKOnizations possibly^ caused by large noise 
excursions in its 'input 100.- - ' j. ^' .^^ i- "\ j 

' ' . ' As is shown, the*'output 106: of ^the slew-limiter '104.no longer contains the -noise 
spike. The^slexV limiter 104 may be' adjusted, such as a slewing ladjustefflOS^ to a 
desired rate%f change* to be ^ detected and allowed by the circuit. (In practice,' this is 
25 ' commonly atcomplished by regulating the bias current available at -the. node containing 
- the*, dominant response pole of ' an . ainplifier; the current leyel divided by* the node 
capacitance, equals the slew, rate in volts per second.) The output :of the slew-limiter 104 
is provided to a zero-crossing comparator 110 (typically implemented witli hysteresis) 
. and: further to the dual one-shot 76 for" limiting the .-pulse width- of the output signal. 
30 ' The circuit will- allow the ^signal' to vary somewhat, as shown by-the .gray (shaded) .areas 
(134 of the square wave::^.The puls^- width limiter, or one-shot 76, talces'the*output-of.the 
comp'ar^or andip'^ffornis'variousirbgi'cai functions- .depending ^n whether the signal is 



reprissehts'^a finite limit" in- the ability of the .receiver- to suppress-dafa bit errors, -even 



» Figure 6 is 'a schematic'<i:6pl*eseMation' 'Of-the^-fi^ iiiput- 
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in a ppsitiye alternation. (as. at memory devices. 11 2... and 122) or a negative alternation 
(as at memory -devices 114.-and 120).^ , For -e?cample, a square-wave signal 109 is 
provided into the > one-shot 76. The signal 109 is .divided .such-^hat^a portioii of the ..^ 
:Signal is provided to an edge-triggered memory device (one-shot) 112^ which provides 
an output upon detecting the positiye^-gping edge of signal 10?; The oiitf)ut sign^il from 
device, 112, which .remains "lugh" for ;m interval, equal , to, the mim pemiissible 
signal lip. positive-alternation duratipn,^ if split: su^^^ is provided to edge- 

tnggered^pne-shot;lJ4,as,^^ 116 as well 

as an output fi-ommie-shot 114 is, provided to AND. gat^ ^^^^^^ 
signal which, serves^as an^ input to -edge-triggered one-shot 120 and to final XOR gate 
124. One-shot 120 provides ^ output (equal in duration to the minimum acceptable 
negative inpu^signal duration) upon detecting the negative-cycle edge of the signal 
110. Memoiy device WjO.prpyides output to AND . gate: 128;.as well as to edge-.triggered 
,one-shpt .122: AND gate 128 receives a fuiHier input fi:om. the . squared-up original 
signal at 109/ which is, "flieii with the signal from one-shot 120 to produce. an 

• output to feed XOR. gate 130. The sepond input-to XOR gate 130 is provided by., the 
output of one-sho 122. XOR gate 130-proyides.mputto .a final XOR gate 124, along 
with the output of XOR gate X 18,, XOR gate 124 provides, the filtered logic output of 

■ ' the -noise-suppressor 60, which as a unit is-interided to berused as an alternate for the 
signal-input block 52 and. standard, comparator 54 ,of Figure 4. The. effective, ftmction 
of tlie„GirGuit; 60 . is, simply to constrain both positive and- negative periods .of. the 

. '"square", wave at 132 . to selected niiniinum arid maximixni. values, typically .within 
roughly 1-5% of their nominal periods. Tliis action inhibits or "filters ouf unusually 

, large noise excursions even before they reach the CPFD cuxiaits of 40. 

• In another, distinct . foim of the invention, a single VCO can.be controlled by a 
' cpnibination of several detectors, such as depicted in Figure 7. Here, much as in the 

multiple-PLL version of Figure 3, the three basic system firequencies- are related by the 
: same factors, f^-f2 = M and {2S3 = N; also, in general, the yCO frequency -may be 
. greater than fj. by the factor of L, such that the main VCO frequency is given by:. - 

:v ■ . . ,• fvco ~ fi'L * v-:.' ■ • 

■'^hi this simplified aixangement, the three GPFDs are combraed with the 'guidance of the 
'aforeineritioned "noise" and" '-lock"- iogic blocks arid sp'ebiah'zed sWection-ptbeg^si^ to 
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assiure'that a stable control voltage is" fed to thfe VCO under all receiving conditions. 
ThUs, the probability of loss of loop -lock (and data errots) is continually minimized. 
Although this configuration is -hot iquite as robust as the preferr-ed'- embodiment of . 
' Figure 3, it has" a 'potentially significant complexity 'and 'cost kdviantage ' by ' only 
5 requiring tlie' single system' VGO unit.-The combiniiiginech^^ may be as' simple as 
'a* switched summm^ nbtWbric/whdre 'the' acfivfe' detector sign^s' are scaled and added; 
* ' any unstable signals Qierein are-deleteli' fifenl'-t^^^^ sHii *tb* Me- VCOxdhtrbl point. ^ 

■ 'ill generki, th6 use'of edg6-trigg&ed'Wyhchi*6fid 
"'receiver 'affotds iili^roVeS.HoIerance't6 6fo'6lc 'stsjtoiiielJrtes/ external EMI, propagktion- 
10 ' delay ' variations, ' supply 'ahd'lei:Aperature chLahges, and: -reduces the' oecuri'ences of 
random'' ot'varying-pattem digital ''flitches"' coupliii^ ulf 6'^ signal, control, -and 

' ' RF lines. Another rriajor advaiitage of ^this 'synchroiiotis'-^sj^feih^^^^^ lies in -the 

simplification of ' the rbf^ted '(spread^-spedtruni c^r eonvenlionalj' receiver hardware 
[particiilariy%' the need fewer oscillator ittbdul6s] and a'%igni-fiGant iniprovement in 
1 5 '^tlie' acquisition/lodlcup times, more: reliable- data-burst *' acquisition (particularly in noisy 
'receiving conditions) and the facilitatiori^'of 'moirfe robust ■ receiver synchronization 
methodologies at the RF-canier, ciiip', data/frame, and burst levels. ' ' ' - ^ - 

These attributes are key to' tlielriipleiiientatroh'-of future complementary Iowt 
cost monolithic RP digital-data receiver^ devices. It is thus seeii'-that a novel "digital-data 
20 receiver and metliod havd^jeeri- described, .life receiver having -a -syhchfondus design 
such that'-all internal reference* -fi-equencies are 'driven^ from a common source. Li- the 

- current invention, prior^'art 'prbblems associated witli -multiple '"beat" coriipbnents are 
eliminated by providing' clock fi*equencies which are integrally of firactionally -related 
such that variable beat-rate pattern noise modulations- within the system ho -Idiiger 

25 occur: - This' inveriti'on' results in a sinipler, lower-power logic' 'design, lower gate counts 
and, thus, smaller chip areais 'and lower fabrication costs.- Additionally, the digital-data 
receiver -arid method provide simplifi'catidn- of the related -spread-spectmm receiver 
system* hardwai-e arid an overall- improvement in its acquisitibn/lbcicup* times, more 
reliable data-burst 'acquisition and the facilitation of more -robust receiver 

30 synchi-onization methodologies at the RF-carrier, chip, data-bit and bm-st levels. 

. ; ■ . - -In .sximrnary, .in-- a . preferred, epibodiment, , the ^ current invention differs 

- fimdainentally--fi'om- -the. prior -art in^, ,tliat .heretofore the several ...discrete clock 
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frequencies .used in a receiving system .would usually be generated from individual 
.oscillators (normally) or in. .special setups (where all the frequencies were integrally or 
fractionally, related); from a single., reference .cloclc oscillator.--In- the first- case; the.. 
independent frequencies, did not .frack at all,..Everi in the latter case, \Yhere the.d:ifferent- 
. derived clocks were synthesized from .the master oscillator, via individual frequency- 
divider logic chains, these, separate frequencies were.. all forced. to. "frapk" the mam 
reference and would concmxently deviate from their intended values Ai'hen, the main 
reference signal- acquisition loop lost lock due to noise or otlaer disturbances, hi the 
current method, each system frequency source is stabihzed by its own PLL subsystem, 
wl-iich operates more-or-less independently of the otliers until a significantly large 
disturbance occurs which causes one or more of these individual loops to unlock, 
men this happens, the various PLL error signals are via speciaHzed intercoimection 
means compared with one another. An analog, digital, or combination (hybrid) logic 
circuit tlien apphes appropriate con-ection signals to the out-of-lock PLLs to restore 
them to a noi-mal locked state (generally indicated by a sufficiently small loop eiTor- 
voltage amplitude and/or ripple-frequency spectrum). A "voting" scheme is typically 
included to assure stable system locking when more than one of the intemal PLLs is 
driven out of lock; fiiither, fail-safe logic provides for proper system synchronization if 
even just one of the loops is operatiag in a locked condition. Failing that, one or more 
auxiliary system reference oscillators which are continually (periodically) being 
updated by tlae system can be used to "bridge" the synchronization dropout interval 
using similar comparison-logic means. 

It is well known to those of slcill in the art that circuitry components intended to 
perform identified taslcs can vary at both the fransistor level and at even liigher levels. 
It will therefore be understood that the circuit diagrams and descriptions thereof set 
forth herein are exemplary. In addition, it is also well Icnown that many aspects of the 
circuitry of tlie current invention can be confrolled by softw^ai-e, either integrated into 
the cu-cuitry or through an input means to tlie cfrcuitry and devices, and/or by 
programmable hardware. Use of such software or hardware may be desired where 
there are both sufficient resources and a need for greater flexibility of specific 
appHcations. Where such flexibility is not needed, the circuitry described herein can be 
largely or entirely fixed. 
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It will, therefore, be readily imdefstood by those of skill in the art that' the 
current invexitiotf is susceptible of broad utility and application. Many eiiibodiirients 
and adaptations of the currerit inVehtion* other 'than those described, as well as many . 
variations, ' modifications,' and equivalent ' arrahgements, will ' be"" appai-ent jfroni or 
•reasonably suggested by 'the currerit invention arid" foregoing desciiption^ there^ 
Witliout departing fi-om* the'subBtance orscope of the as'defmed by'the 

foilowmg appended clairns:'"'' ^ ^ ^ - - *' - /■^'/'i' 
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What is claimed is: - ^ ^ 

1. An^ ■ improved " digital-data^ 'receiver • synchronization' apparatus 
comprising: ' ' ■ : : . .. ^ . ' . - ^ ..^..y 

a plurality of memory devices for receiving multiple timing 

Signals;'and - '■* - ' ' "'^ ^ ' ' " ' • ■ 

.•'I ^"-^^ feedback-meahW-iiitercbii^^^ devices-. and cross- 

•^coiipliiig signalk produced-by said r&mdry' devices. > ' - ^ - ■ ■ ^ ' ^ ' ^ 

2. ^ - -Thie improved digitM-dataTeceiVei? syiichronfe - ■ ' ' -: - • 
apparatus of clairh i,^ further - 

a common -ja-equency reference source in conununication with 
' " ' -: ■ said'^)luraUty-ormemdry''devices tor-driving said-plurality of memoiy devices. 

3. The improved digital-data receiver synchronization apparatus of xlaim 2, 
wherein said multiple timing signals include at least one signal selected from the group 
consisting of an RF carrier signal; a data%it-rate signal, a data cliip-fate signal, a data 
frame-rate signal, and a data burst- or packet-rate signal. " ' - ' 

4. - The improved digital-data receiver- synchronization apparatus of claim 2, 
wherein said multiple timing signals ai^ integrally or 'fractioiially- related in frequency, 
phase or both frequency and phase. - - ; ' - - ^ - ■ 

5. The improved digital-dataleeeiver syxichr^ apparatus of claim 2, 
- Wherein said multiple tiMng signals' are-Moh^^^^^ related in frequency and/or 

phaser - ■ > ■ . : - ^ - --^^ " - ^ ■! 

' 6. ■ ' The improved digital-data receiver synchronization 
wherein said multiple timing signals satisfy the relationship ■ 
■ y ' £,^^M-f2 = M-N-f3 ' - ■ ^ ^ ' 

wherein f, is said RF signal; fj is said' data bitxate signal; fs'is: said data 
fi*ame-rate signal; and M and N are positive rational numbers. 

* ■ ^ 7.' ' ^The improved digital-data receiver synchronization apparatus' of claim 2, 
wherein said common frequency reference is an oscillator corifrdlled by a crystal, SAW 
' device; ceramic- resonator, mechanical resonator; dielectric -resonator, or extemal 

•'source. ' ' ^ * ' ' ' ^ ' 

• - ' 8; ' ' ' The improved digital^data receiver syhchrbnizatioii apparatlis of claim 2, 
' 'Whereiii^said common frequency reference uses edge- triggered synehrorious^ogic: 
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9. The improved digital-data receiver synchronization apparatus of claim 2, 
wherein said signals cross-coupled by said, feedback nieans include at least one signal 
selected from the group consisting of error signals, output signals, and both ^error and ^ 
. .output signals. r'^ . , - \ • ;> 

5 10. The improved digital-data receiver synclii'onization apparatus, of claim 1, 

wherjein,said' signals Qi^osshepupl^ j3y saidfeedbac^^ analog signals. 

11. The improved digital-d^ta^rpcqiy^^r: ^yncl^^^ pl^im -Isjwherein 
said signals croJSS-c.o.upled^by sa^i feed^aels; nieans -a^e distal sijgnals. 

12. The improved digital-data receixpr syaciuronization apparatus of claim 1, 
1 0 . : ; . .wherein, said memory devices arq; phase-locked loops.^ r\r'- . . 

- c ■ 13. . An iinprpve;d digital-data receiverr ; synchronization apparatus 
cornprisingi"-. ^ . , .r ir , r,'^ .^ /^^^r- ..^I ''^ovv ;-;. \ ' • 

<■ ' '/:' ^ . -y/'j ja: plju-ality._,.Qf memory ■ deyicps for-jeceiving .multiple, timing 

. signals, at least 'onfe, of said pl)jrality of meinpi^^ d^YAces comprising a c 
15 frequency detector; ' .t r-i^-ijr.. . :? ; - .;• . . v 

. , . - , Winmon frequenG>y.;re^^^ source in. conmiunication with 

. said plurality of memo3^;dey ices for; driviiig said plurality of memory devices; .and, . \ 

a feedback means interconnejDting said memory devices and, for 
cross-coupling certam signals; produqedob;^ • > 

20 ;- .'14. The iriiproyed digital-(iata-;receiyer s^^icl^^ pf claim 

13, wherein said multiple timing signals include at least one of an RF signal, a data bit- 
rate.signal, a data chip-rate signal, a.data frame-rate signal,, ^id a data burst- or packet- 
rate signal. . * rf - . ' '; : '\ \. \ . - I ':-;r..;' ^' 

15. The improved digital-data receiver, synchronization apparatus of claim 
25 13, wherein said multiple tiniing ,signals satisfy thexelationship: 

. wherein, f, is said-RF : signal;^ fj. is said data bit-rate sigiial; .fg is said data frame-rate 
' signal; and M and "N are .positive rati^ _ . . ..r. ... ^ . 

16. • The improved- digit9.1-data receiver synchronization,,apparatus of plaim 
30 13, wherein said common frequency reference uses edge-triggered synchronous Ipgip. 

: ^ '.y^ 17i.- - The- improyed digital-data receiver, synchi'oruzation -apparatus of claim 
13,-tWherein sadd. signals :CrossrCo.u^ .feedback means. include,^,at- least , one 
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signal selected, from the gi-oup consistiBg of . eiTor signals, output signals, and both enm 
and output signals. . ^ j . . . . . 

. ; 18. The improved digital-data reGeiver sygchronization.. apparatus of -claim. > 
13, wherein :S.aid-.compo.site. phase-frequency .detector, comprises at_ least onejdevice - 
5 ..selected from the. group lconsisting; of: a,digital. phase-firequQUcy detector; a standard 
analog RF mixer; .a/^dard: analog .multiplier- a- digital. ^Oil gate; a digital J-IC flip- 
, , flop; a digital trigger .CT}:flip-flgp;. a-.d^^^^^ flip.-flop;.and a digital counter; 

19. . .■jThe .impreved ; digital-data receiver ;Syiiclu.;onizatioii apparatus of claim 
,13,, wherein said, composite, phase.frequency: Meptorjfurther. include at least one 
10 .^ device selected from the. group consisting of: a switch;,a relay; .a. digital trigger <T,).flip- 
flop; a digital divider; a nonlinear element; an analog divider;, a square-root circuit; a 
; G.omparator; . a . frequency-to-voltage , convert^^ a frequency-to-cuirent converter; a 
digital A2^ gate; a digital OR gate; a digital XOR, gate; a digital counter; a digital J-K 
• flip.flop; a,digital R^S. flip-flop; a majority-logic circuit;. -a peak detector; an average 
15 detector; a root-mean-squai-e (RJslS) detector;, an. operational . amplifier; a follower 
. circuit; a . logic array device; a microprocessor; .a, digital, state .machine; a neural 
network; a digital signal processor (PSP).deyiGe; and an analog signal processor (ASP) 

- device; - ■ ' .n.- . " . : 

. .. 20. -• The improved ..digital-data receiver synchroni^^^ 
20 13, wherein said composite phase-frequency detector comprises a timing device for 
limiting the. detector signal pulse widths,, ; ■ :. . . 

. .; ^ 21. ..The: improved digital-data receiver synclu-omzatiqn, apparatus of cl^ 

13, wherein said composite phase-frequency detector,- further comprises at least one 

. device selected from tlae group consisjting of: a monostable multivibrator; a delay 

25 generator; a digital counter; a logic gate; a switch; a digital state machine;..a pulse 

. width-to-voltage converter; a pulse , width-to-curxent converter; - an integrator; a 

comparator; and a pulse width-limiting circuit. . . 

22. ,. The inaproved digital-data receiver, synclu-onization apparatus. of _cl^^^^^ 

13, wherein said composite phase-frequency detector further comprises an.inpvt-signal 
30 - rate-limitingr ampUfier whereby said composite .phase-frequency . detector will not 
follow a signal-having oscillations above a.pr6.determined rate of change. . : 
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' • 23. The improved digital-data receiver sync^ 
22, wherein said rate of change is measured in voltage (volts) per second. ' r. ^ • ,* . 

24. ■ The improved digital-data Yeceiver synchronizations^^ 
* 22, wherein said rate of change is measured* in current {ainpis) pe^r second. - : ^ - . . ' . * ~ 
5 ' 25. '' ■ ■ An ' iniproVed - digital- data^"' receiver- • syfl^hroniaalldn ' appafatus ^ -for 
receiving data sigxikls frbnd- a iransniitterrsaid 'Apparatus- coiSijilHsmg: " - : - . : ' ; f • 
• ' ' first'-- ^yrichr&iiz^^ 
' ^with a fnsY received' 'data 'si^M^ihd Yo^ > 
' ' " ' second -'sjoichrom^a^^^ at- second' firequehcy 

10 ■ signal wi'tli a second fdceived^ data- signal: and for genei:atin^ ' a sbeon'd- comparison 
^ signal; - - =■ '' ^ --^^ ' - ' ^r-;:, - .i-riH'K ' . ■ L . 

' ' ' first interdonhection meai:^s^' for transmitting- said first- comparison signal 
to said second •synclir6nizatidri%neans; - i^:;;.; L j. < : \ i : ; ^: 

' ' '-i^ second interconnection mMhS/ fo'r'transrnittiAg'^said' second coniparison 

^sigiial fo said-!&st syiiclirdm^ * j"": ^-r ... - 

' ' said-first s^^chromzatidh nieans comprism 
' adjusting said fir^t-fi-equehey si^ial-m response t'd said second. comparisoh signal; and 

said second synchronization means comprising a second corrective 
means for adjusting said second fi-equefecy^&ign^l ^ijliresponse to said first* cbmparisoh 
'signal.'^ * ■ ■ ' 'i ' -' ^^ir;-- 

26. The improved digital-data receiver synchronization app^atus according 
to claim 25- wherein' said first fi-equency signal- aiid:.sai'd second ::frequency' signal ai'e 

derived'fi*om 'a corhmon- source.- ' v .;;> . j:. .... - . . 

-'-27. The method of providing improved digital-data receiver /synchronization 
'-comprising the steps of:' . *- ^ - . . . i.. 

' providing a plurality of m'emory devices for receivmg. multiple timing 

signals, at least one of said plin-ality of memory- devices comprising a composite phase- 
frequency detector, • each 'of ' said plurahty- df 'mernory . devices :pr6viding* an output 
comparison signal; and, v ' - > v . 

' • ' ' intercoimecting said memory devices with a feedback means .for cross- 
coupling said output fedmparisorilsignals'produced by^said memory devices : .i 
28. The method according to claim 21, fiirther comprising the step of: 
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connecting a common frequency reference source with said plurality of 
memory devices for driving said plurality of memory devices. 

29. A method of providing impro^^ed digital-data receiv^er s}^chi*onization 
of received data-signals ^comprising the step^ 

providijig a first- synclironizatioii means ; for synchi-oriizing a first frequency 
signal with a first received data-si^ial and for -generating a first comparison signal; 

providing' i secoiKi---synelironi2g.tion- means for synchronizing a second 
frequency signal! with a second received ; data signal and for generating a second 
comparison signal; 1, . : ^ ' : 

traiisiiiitting saSd "fc to said second syncloronization means;' 

transmitting said second comparison signal to said first synchronization means; 

adjusting said first frequency- signal in response-.to said, second coriiparison 
signal; and- ^-"V' . - • ^ — 

adjusting; -said,:s6colid frequency signal in response to- said fnst comparison 
simaL . ■ - - ■•^^ - ' 
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